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Approved by: E. M. F1SLER, Chief
fizla Shock Phenonena .. .1 .en

C, ., ARONSOQU, Lcting ChisX
Fxplosion Fivects Dlvision

This report has besn writien to descridbe & High
iing System for determining ppah pressur2s i, the
essure range from explosions in alr by the velccliy
method. This equipment 1s now in us® in the Mobile Air Elest
Laboratory at Stump Reck,; Marvland.

A brief raoview is given of the theoretical basis for
determining peak pressure by measurement of shock and sound
velocities. A description is given ol the function of e=ach
component of the equipment, from the cauge to the caamera. The
chronological sequence of evenus is described. A typlcal record
is illustrated and the method of analysis lis describsd. Cireult
diagrams are included for all units of thie recording systemn.

The accurecy limliations of the recording system are discussed.

The average standard deviation using %his cQﬁiDL%P varies
from two per cent at low pressures to seven per cent at blgh
przssures. Based on the operation of this velocity TLCOTd ing
system, suggestiilons for fauture improvements are included,

Explosives Reseacch Department
U, S. Naval Ordnance Lz horatory
White Osk, Maryland
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This report was prepared under f.ask number NOL -Re2c-~2-1-52
as a description of the instrumentation used for measuring
pressure by the velocity method at the Naval Ordnance
Laboratory's air blast fisld stcztion at Stump Neck, Maryland.

This aquipment is s modifled version of that designed and
1i1stalled aboard the EPCS 1413 by Dr., Harry H. Hall, and
dascribed in reference (@. The present equipment was installed
aboard the air blast traller by Mr., Carl Reynolds, III and
William J. Donley undexr the supervision of Mr. E. M. Fisher.
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quipment aud to Mr. E. M. Fisher who initlated this
ailded in writing varlous portlons of it.

The detalled analysl: of the operatien of individual components
oi this equipment was neces sitated because this report will be
Uus2ue as a maincenance manual oy those operating the equipment.
Taosa desiring merzly a general deseriptiorn may omit these
d“"&aﬁl Lted por tionsa

Tiz {indings represented herein are the opinionz of the author
ans are not necessarily the opinions of the Naval Ordnance
Lsnoratory.

W. G. SCHIRDLER
Rear Admiral, TJSH¥
Commander
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/XAMES E. ABLARD
( /Séy direction
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1. IWNTRODUCYION
1. Investigations of the properties o explosions in zir are
made by recording the pressure time curve or the perumeters of
the pressure-time curve, such as peak pressure and positive
Impulse. The technioues for measuring thz blact parameters
involve the use of mechanical and electricul gauges.

2, Hechanical gavpes, though much simpler than electrical
sauges, have not been developed to tre point where pressure-time
curves can be recorded with adequatz Ffidelity.

3. The electrical methods depend on the ueasurement of an
electrical signzl, due to mechanical displocemeni produced by
the pressure wave in the elements of a pressurc-sensiiive
nick-up.

niel

4. Certaln classes of crystals, whn 2
sir T3ISS, hnve the property of dgveloging a2lec

var 1uus ey al faces, Such crystal
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shoclz anQ. bonucquently
pressure in the blast wavea.

£ However, o much beliepr iadleaiion of the ¥ lrus! pressure in

& shock front may bte determiaed by aeasuring the speed of
propagation of the front ir a dirsc:ion norias) to itself. Inasmuch
as shock~=veloclty msasuvrements ave not affected by the distortiong
of the shock with the measuring d2v.ces, pressures determined

this technique are called "tru2™ prassures as dlstinguished frow
the pressures measurcd directly By a pressure sensitive gauvge.

I1. BASIC CORSIDARATIONS ‘ -

7. The relation betw2en the welociuy of propsgativa and the
pressure in a shock wave iz 2bitalned from the Fan4ine tugonilat
equations and the properties o7 Lhe mediawn, ;rs Rankine- Bugonios
equztions are basad on the conserveilon of mass, mcm*ntum and
energy across the shock fronc. By wevming thet the ratid of

the spenific heat ot consteni nisweirms to that at eonstant volume
is = constant across lhe shock fron:. and by assuming that air
obeys the ideal gasz law, I 1o gezs hie o dzrive tha gquetion

".'! b

[.k h‘j




NAVORD Report 2167

£=25[(%-1)]

7 (See appenglx for derivation)

Where:

geal presaure in the shock front in exeess of
atmogspherlc pressure

atmospheric pressure
veloclty of propagation of shoek front
speed of sound in undisturbed alir

ratio of speciflc heat at ccnstant pressure
to specific heat at constant volume {1.40 forair).

th&d“
B a8 B

8. All measurements of peak pressure by the veloeity method have
been caleulated using this equation. To determinz the shock
pressure Pg 1t is necessary to evaluate the shocgk veloeity o ,
the sound veloclty ¢o, and to know the baromeétric pressure Po.
However sinece // 1s the shock velocity relative to the medium,
motion of the air {wind) leads to an incorrect measurement of /
by statlionary devices. Therefore the Ilnstantanecus wind veloclity
must also be determined. In addition, inasmuch as tThe shock
veloclty is mcasured over a finite interval. it 1s necessary to
evaluate the distance from the explosion at which the average
shoek veloclty over the interval of measurement is equal to the
Iinstantaneous veloclty.

9. The gpeed of sound is determined by using as sources of sound
two detonator caps, one at each end of the line of welcelty
gauges, However, because of the effect of wind velocity. the
spparent sound and shock velocltles as measuzed on the records
are in error. If ¢, 1s true zound veloelty, cj the apparent
‘sound velocity as measured from detonator cap #1, and ap the
apparent sound velocity measured using detonator #2, vie get

cq aco-é-WCGS@
02'300_ ~ W cogs s

where & is the angle the wind mskes with respect to the line of
velcecity gauges and W is the velogity of the wind.

Adding the two equations gives the true sound veloclity

Co “‘3}_~ce
?—-N

Subtracting the two equations glves the component of the wind
velocity in the directlon of the line of gauges or

W eos m oL %2
2
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This latter correctios. must be applied to the apparent
shock veloclity measurement Lo give the "true® shock veloclty.

If no wind is present, the speed of sound ¢ can be obtained
from the measurement of the alr temperature by using the formulea

c;:c’z;.(l-,f- )éf
Where:

t

273
¢ = speed of sound in dry air at temperature t
! = speed of sound in dry air at o%¢ (1088.3 ft/sec used)
~ temperature of alr in degrees centigrade

-t
10. 1In using this latter method, the effect of humidity on th
speed of sound must be taken into consideration. The variatio
the speed of sound with humidity is given by
\
oy cd(l +0.149 P_ )
P

) @

- £V
1 X

[
B

a
Whers:

¢ speed of sound in moist air
ey = speed of sound in dry alr

Py - partial pressure of water vapowr
Py = partial pressure of air

11. When the speed of sound is determined by the measurement of
the velocity of a smali-amplitude shock wave, humidity affects the
calculated pressures only through 1ts effect on Yy, the ratio of
specific heats of alr, since ./ , ¢, and P, are measured quantitles
at the particular value of humidity. At 200% humidity the
correction to " is 0.3 per cent and the maximam error in the shock
pressure due to this 0.3 per cent error in ¥~ is only .13 per cent,
as can easily be seen when substituted in original Rankine-Hugoniot
equation., Therefore humidity has an entirely necgligible effect
when the speed of sound is determined by velocity measurenents.

I1l. TXPERINENTAL TECHNIGUE

12, A pictorial view of the experimental facilities may be seen

in figures 1 and 2. In order to measure %.,e¢ shock wzve velocity
.} 4 nine piezo-electric gauges were pluce. 1ong a straight line,
perpendicular to the shock front and al  asured distances from
the charge. The position'of the charge-and detonators with resnect
to the line of velocity gauges ars indicated in figures 3, 4 and 5.
The signal from each gauge is recorded by an oscillograph and
rotating drum camera., In order to obtain as short a rise time

3
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as pogsible, the gauges are placed “face-cn®™ %o the blast.

13. The speed of sound is determined by using the same line of
gauges as 1s used for shock wave velocity and using two deionutor
caps as the source of sound, one at @ach end of the line of gauges.
The two caps and charge are detonated approximately 30 ms apart.
This tschnique is used primarily because i1t permits the determinatic
of the wind velocity at or n=ar the instant of the explosion,

IV. OPERATIOL OF EQUIPMLENT
A. General Description of Bquipment.

14, PFigure 7 is a block diagram showing the interconnection of the
various units comprising the high--speed recording equipment. Figure
8, 9, and 10 are schematic diagrams of the cap firing, time dclay, ar
charge firing circuits. Figure 11 shows a pictorial viaw of tne
front of the chassis containing the above clrcuits.

o

brightening circuit in the Du lont 247 oscilloscope, the bean
remain on {..» approximately 90 milliseconds. 3Since the time
intervals between the viring of the two caps and betwesen the szcond
cap and charge is 30-35 ms, this 90 ms duratlion is adequate.

15, After the pulse from the virst firing circuilt trips the hasm
< [

16. The timing conlrol unit generates the milliszsceond pulses used
for measuring time, This unit remsins on for only one revolution of
the drum cameéra, or approximately 30-35 ms.

17. 1In order to get a separate trace for the entire length of film
for each charge and each cap, without superimposing the traces, the
péﬁition of the spot on the oscillosceope is displaced before the
2nd” cap and again before the charge is fired. This is acceompllished
by thedual time delay energizing the relays vwhich remove a resistor
in the grld clrcult of the positionling tube in the Du Mont
oscilloscope, thereby displacing the spot first to the center
the second cap, then te the hottom of the film for the charge
(figure 19).

18. When the firing switch S 1s closed, tihe first thyratron tube
Vo> in the car firing circuit is {ired, prodacing a pulse through
transformer P6134, and thence simultanecusly into the beam )
brightening circuit of the Du Mont 247 coscilloscope and the ?r1p
input of the dual time delay. The output of the strobotron tube

V4 fires blasting cap #31« The output of the first time delay
operates both the relay which displaces the beam on the oscilloscpe
and the relay which fires the second cap. The pulse ocutput from the
second time delay operates the attenuator in the preamplifier, the
second displacement relay, the timlng control unit, and the charge
firing circuit.
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B. Firing Cizcuits.

19, The purpose of a firing circuit is to provide a pulse of
sufficient voltage to fire a detonator. =EBxcept for minor
differences, the two cap~firing circuits and the charge—firing
circuit are ldentical, The three circuilts differ only ir their
manner of being actuated,

20, The firing circuits, shown schematically in figures 8 and 10,
conslist essentially of a 2050 thyratron, ay SN4 strobotron and s
self-contained power supply providing plate and heater voltages
for these tubes.

21. The reset switch is normally closed., ‘hen this switch is
pushed and then released, the plate cupply voltage 1s removed
and then reappllied to the two gas tubes. In the reset position,
the blases are such that the tubes cuannot fire until an
additional pulse is applied. VWhen the cap firing switch 8¢ is
closed, the cathode resistor in the thyrutron of the first cap
firing circult is shorted, thereby firing the tube and sending
a pulse simultaneously to the beam brightener circuit of the

Du Hon%t 247 Osclilloscope and the trip input of the Dual Time
Delay. The output of the strobotron {ires the detonator.

C. Dual Time Delay.

22. The function of the Dual Time Delay is Lo control the

sequence of and time intervals between varlous operations including
the turning on and off of the timing unit, the firing of the charge
and 2nd cap and the displacement of the spots on the oscillograph.

23. This unit, shown in figure 9, consists of a 6SLY7 twin triode,
three 2050 thyratrons,and a self-contained power sunply providing
a plus 255 volts and a negative 105 volts. The two Cornell-
Dubilier decade condensers In series with the 3.9 megohm resistors
give the time delay required for the various operations involved.

24. The pulse output from the first cap-firing circult fires the
first thyratron which in turn actuates the timing unit by means of
the S8igma relay in the cathode., Apo roximately thirty—thres
milliseconds later, as determined by the lst time delay, the second
thyratron fires,; the beams are displaced and the 2nd cap circuilt

is actuated. Another thirty-three milliseconds later, as determine
by the second time delay, the third thyratron fires, actuating the
charge-firing circuit, the second displacement and the relay which
cuts off the timing. In addition this tube actuatesthe relay in th
output of the preamplifier viich attenuates the signal from the

charge.

A
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D. Preamplifier

25. The preamplifier, shown pictorially in Figure 12 and schematicall
in Plgure 13,18 a low-gain tworstage amplifier,; consisting of a
cathodse ‘biased 6SJ7 sharp cut-off pentode and. a 645 medium-mu
trlode used as a cathode-follower. 1In the input there is a
potentiometer which controls the amount of sigaal applied to the
grid. 1In the cutput there is an attenuator controlled by z Sigma
relay which is energized by the dual time-delay unit, after a
predetermined time interval, This attenuator and relay 1s necessary
because of the need for rapidly changing from high gain in recording
the sound from the blasting cap, to low galn for the shock wave
velocity produced by the charge.

26. The signals from the two blasting caps pass through the
preamplifier to the Du Mont 247 oscilloscope with no attenuation.
Approximately 60 ms after the beam brightening circuit is tripped,
the sigma relay closes and the attenuator is inserted just before
the signal from the charge enters the preamplifier.

. Du Mont 247 Cathcde-Ray Oscillograph

27. The type 247 Cathode~Ray Oscillograph is shown in figures 12
and 14. It 1is an instrument for plotting a visual curve cf one
electrical quantity as a function of another on the screen of a
cathode-ray tube. It consists essentially of a cathode-ray tube.
amplifiers for producing the deflection voltages, and a linear-
time-base generator, and associated power supplies,

28, In additlion to being deflected vertically and horizontally,
the electron beam may be modulated in intensity. The Y-axis or
vertical deflection smplifier has uniform frequency response
within 3db from 1/2 cps to 300 ke.

29. This oscillograph has been altered in the grid circuits of the
positioning stage in order to provide the displacement of the beam
posivion for the charge and each cap signal. For detailed analysis
of its opsration sse the operating and maintonance manugls published

op
by the Allen B. Du Mont Laboratories.

exr

Cu

F. Recor

30. The recorder as now used on the traller is shown in Figures

12 and 14 and consistis of a recorder hood, lens assemblﬁ and

rotating -drum film holder and shutter for recording with moving

, £ilm, The hood, made of welded sheet steel, is mounted over the
face of the cathode-.ray oscilloscope. The lens assembly 1s mounted
in the hood. The lens tube can be extanded and clamped in focussed
position., The shutter and film holding varts of the recorder are
separate, easily detached assemblies. Mounted within the hood and

3 to one side, is an electrically operated counter, an lmage of whose
: face is rsflected by two small mirrors, into the field of the
; recorder lens, in theplane of the oscilloscope screen.

o
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The characters of the counter are 1lluminated by two small
lamps, timed manvally, to gilve a sultable exposure of the

face upon the fi1lm record for ldentificstion purposes, Th
hood assembly is hinged; and may be opened to allow sccess
Scunter and the face of the aathods Tay tubs.

31, The Drum Film Holder is shown in Flgure 15, A strip

film about 18 inches long is carried on the surface of an

drun 5.3 inches in dlameter. The film is retsined on the

outer band of lucite, This band is under-cut so that the

can be slipped between 1t snd the drum surface, through a

in the drum®s metal rim, When the drum rotates, the £ilm

preseed against the lucite by ecentrifugal reaction and is

neld acourately in position. The drum is carried on the 8
of a small motor. An 1800 rpm sychronous motor is used gi
2 linear speed of the film of about 500 inches per second.

@. Control Unit.

32. The control unlit, shown above the recorder hoed in
Figure 12 and schematically in Figure 16 1s operated by re

eircuitas from s single master eontrol, and which in turn

WANSAA TS e B

P v R N I < T ot & Tt AN o L S & Fe ) 22 —3 Y - [ 1
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of 35 mm
aluminum
drum by ar
£ilm

slot

is

thus

haft
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o e
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provides, in additlon, the local power at each channel for

various operations, e.g. opening and closing the recorder
shutters, 1lluminating the electric counter whoze numerals
are photographed on the record, and flashing the gas disch
tube whiech applies the timlng indilices,

arge

33, Each control function can also be initiasted at the channel

by means of & key. These keys make possible the mamual op
of the channel for experimental or masintenance purposes.

epration

The

recorder motor control and shutter keys, with their assoclated
relays, light red panel lamps when operated. These indicate

proper operation of the relay circults =and also warn the

cperator to return all locking controls to normsl position
when preparing for remote operatlion. Other panel lamps are

green, Thus, when the channel is ready for operation, no
red panel lights should appear,

3%, If no camera, or 2 fixed camera, is plugged into the
control unlt, & base line with 1000 e¢yelie pips appears on
oscilloscope, when base line key 1s depreszed oy base line

the
relay

is actuated. This feature of the equipment 1s not used in the

application under discussion in this report. With a rotat
drum camera in plage on the control unit, depressing base

line key or actuating base line relay applies a base line
the oscillloscope without pips.

-J
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deason: On rotating drum camerz nlug, pins 2 and 2 are shorted,
and pins 4 and 5 are shorted. Thus, -300V is applied to the
plate of V3 preventing it from firing. .(~300V %o pin 4, to pin
5 through 3hort in camera plug; te common of timing relay, to
viming velay, o normally closed of timing key; %o normaliy
closed of timing relay; through 50 K to plate of V;). When ths
base line.key 1s depressed, 1% applies 30-cycle pu%ses %o the
grids of Vl and Vo allowing these tubes to fire and it alse
removes the short%ng ground from the 5K ohm resistors from which
the triggering pulse is obtalned for use in the scope. When Vy
fires it applles a voltage across these now ungrounded resistors

and the resulting voltage goes out to brighten the beam of the
oscilloscope,

35 With no camera, {or fixed camera), the -.300 volis is removed
from the plate of V3 and ¢he shor{ across ths two 5K ohms resistors
is removed, so that~when the base line key or relay is actuated

and 30-cycle pulses applied to the flasher circult, a base llne
with plps appears on the oscilloscope. When the timing key or
relay is actuated, no signal appears on the oscilloscope when the
rotating drum camera 1s in place hecause the ¢wo 5K ohm resistors

ESPETSES ST Ly Y SO S N S Vo WO S i e
p;_udu:.ll;&’ Lil& DSam Orignienang pulsS ic 3a05vi8l T Erouna-

Hoe Timdng Irdices.

36. A Gensral Radic vacuum tube driven fork oscillator 1s used
to produce a 1000-cyele signal, accurate to within .1%. This
signal is converted into 1000-cycle pulses, of a few microséconds
width, by one channel of s pulss generator shown in Figure 17.
The signal 1s alternately amplified and ciipped by a series of
four triodes (VS and Vg) operating at zero blasg; resulting in

a 1000-~-cycle gquare wave. This is coupled by a differentiating
circuit %o the grid of an amplifier, Vsp; which drives a cathode--
follower impedance matching stage. The output consists of 70 -
volt pulses which are applied to the ¢rater tube circuits in the
control unit. Ths prlss generator further contains a gensrator
of 30-cycle pulses derlved from the power frequency, and there-
fore synchronized with the revolutions of the drum rescrdsr,
which revolves at 30 rps. The 60-cycle line voltage is applied
first o an unbiased amplifier V,, which ciips the negative
swings. This is coupled throtigh™an .00l mfd cowrdensar, which,
by differentiating the signal, applies sharp 60-cycle pulses

to a multivibrator, Vp, operating at 30-~cycles. The 30-cycle
pulses from the multivibrator are differentiated by the coupling
circuit %o the unbiassed amplifier, V4, which clips the negative
peaks, and amplifies the positive ones.

37. The timing signals, required for use in“ﬁpe drum r§corderg
are a series of short flashes occurring at millisesond intervals,

lasting just long enough to go once around the recorder druimn,
Running at 1800 rpm th drums turn once in 33 1/3 milliseconds.

8
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%hus.a series of 33 flashes are required. To initiate these
flashes, 30~cycle pulses derived from the line frequency, and
}OOO»cycle pulses controlled by the fork osclliiator, are supplied
oy the pulse generator. A gas-discharge crater tube (svivania
R1130) is connected in series with a thyratron 2050, V,,

(Figure 16) across a 125 wfd condenser which 13 chargéd to 300
volts by the power supply. Vg is fired by each of the 1000 -
cycle pulses, causing the crater tube To f£lash. and 1s extingulshed
by lts rising cathode potential, due to th: chavging of a .01

mfd series condenser in its catiwde return. The charge nn this
condenser leaks off through 25,000 ohms before the next pulse
oceurs ons millisecond laterx To prevent continued flashing

of V4 and the crater tubs, the screen of Vs is blased strongly
negative. To allow a series of {lashes, the bizsz is removed

for 7/30 second. This is accomplished by applyiag the 30 cycle
pulses to the two thycatrons, vy and V,, by closing a key or

the relay Rz, Initially, ihere is no potential between the
cathode and plate of Vp, so that only V4 firss. The charze on

condensar Cy then flows throvgnn Vq %o Co  until V4 1is extinguishad

by the rising potenitial of Cpe Theve is’now & potentlal acrcss
Vs while that of V., is too small for firing. The next pulisa
£ives Vo, Teturning €y %o mesrly 1ts crigipal potentlsl, while
Co slowly discharge through its 2-megohm shuni. This dlischarze
15 slow 2ncugh 0 keep Vp from again firing until one or two
seconds have passed,; wh

ssed; ich allows auple time for thz relay Ry
to be reopened. Thus, closura of R, applies the 30 cycle
pulses o Vi and Vo, and ceuses ovndé negative Lyuarc pulse,
lasting 1/30 second, to be applisd so i

he grid of V4, which in
turn removes *thz2 negative blas ou the screen of V4 Tor the desived
tiue.

[ )

38, Quiescent State: 1000-cycle pulses are continuously applied
t0 grid of Va. This tube cannot fire bacause Its sereen grid 1s
held down %o approximately ~150V as leng 23 V3 is conducting.
When V3 fires, flasher tube Sylvania R1130 f£i¥es, flashing 2t a
1000-cycle raic.

L0 to the control
ve on the first 0=
aud plate at B

39. When 30-cycle nulses cre appliad, tn
grids of Vy and V. Howemeer only Vi &N
GO0

i

“r
o

D 2t

2

0

cycle pulsié becauZe Vo has both its cathod '
potential (300V) and therefore effectively zerc potential
across it. wiile Vq has the full 300V supply scross 1%

a 30-cyele pulse is applied to control

AN Nunams g
g;idsug;a$; hrourh relaﬁr° 2 only V1 f%res (see_aggfe)o
High side of 270-onm res’§nor in platg cicvcuix of Vg drgpid;;;m
300V to 150V, putiing a lbﬁ~vol§ neéanive pulseton&ﬁh$.b€‘i“o.

V3 causing the plate ol ?3 to rise to grognﬂ gqninulaEQVEn"b
ground poientizl is theresore applisd to the screen ol V4.

ENEES 0o o N
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(3) With screen at ground, 1000-¢ycle pulses on grid of Vi fires
this tube, which in turn fires Sylvanlia R1130 giving 1000-gycle
flashes, (%) vWhen high side of 270 onm resistor drops to 150V,

g 150 V drop appears across V., setting this tube up for firing,
Also Gy drops to 150V and C, Sharges up to 150V, The latter
condenser, charging up to 1§0V, applices this voltage to the
cathode of V,, extinguishing this tube. (5) When ¢he second 30-
cycle pulse %ppgars on the grids of V; and Vp, Vi gannot fire
because Co 1s still charged to 150V, putting zero potential
effectiveiy across Vi. V2 Pires and ralses high end of 270 schms
resistor back to 300V, This allows Va io conduet once more;
bringing its plate voltage dovm %o =150V which is applied to the
sereen of Vi, shutting Vi off., Thus a ~150 volt signal is applied
to V3 for 1/30th sec., which in turn allows Vi to fire for 1/30th
see,” {6) When Vg fires it practically shorts the 1 meg. resistor
aeross it, whiech moves the cathode of Vs to6 B+ potentlal,
extinguishing the tube., (7} Vi will not fire until Cp discharges
through the 2 meg., resistor, This takes about 2 seconds,

I. Shutter Control

Anva

"Control Unit¥, A relay. paralleled by a key marked "Shubter®;
closes a circult through il:e shutter~operating sclenold of the
recordesr, This cilircult is powered by a small power transformer,
76, and a selenium rectifier, shunted by a large eleetrolytic
condenzer of 1000 mfd, as shown in Figure 16, On closure, the
condenser, which has been charged to the peak value of the
applied voltage, discharges through the solenold; providing a
strong actuating impulse., UWhen the shutier-actuating plunger
has been drawn into the solenoid. a2 small current suffices to
hold the shutter open, Thus, the steady current supplied by
the rectifier, (whieh is much less than the initial current
surge because the voltage falls to its average value), can
hold the shutter open until it is veleased by the relay or key.
A small, compact solenoid, which would be burned out by the

current necessary to actuate the shutter, were 1% applied
eontinuously. ean thua be used,

41, The Shutter Control is located in, but unrelated %o the

V. RECORD ANALYSIS

42, The 35 mm £ilm record to be analyzed is approximately
18 inches in length, A typieal veloelty record 1s shown in

- figure 18. The vertical lines are millisecond timing marke,

The lines of shaxp plps are the sismals recorded 77 the gauges.
They are numbered so ag o correspond with the veloeity gauge
produeing them, To facilitate identiflcation scme of these
marks are made positive and others negative,

10
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This is done by using positive and negative gauges. It may bhe
observed that there are three lines of sharp pips on the £ilm.

The rirst line is produced by the first blasting cap, the second
line by the second blasting cap and the bottom line contzins those
pips produced by the charge.

43, These recards are placed in a microfilm reader which magnifies
the record approxzimately fifteen times and projects 1% on the cross
sactlion paper placed below it, The location of the pips are then
marked on the cross section paper. The pips are rzad at the peint
where they flrst leave the base line at the most rapld rate. Taese
distances on the coordinate paper are then measured using the 50%th
divigions on an engineer’s scale, and then converted into arrival
time. Yith this enlargement it 1is possible to divide the time axis
into one microsecond intervals. Dividing this zrrivel time inito
the known distances between the appropriate gavges gilves the aversge
velocity between thsse gauges. W2 then may plot a curve shoewing
the velocity as 2 functieon of the distance. In additionythe
apparent sound velocity both up and down the line of zauges is
determined; from wvhich we can calculate the couronent of the wiad
veloclity &long the line of ganges and the true sound vzloeltiy.

This wind veloclidy corractloa is then zpplied to the shoeck wave
valocity.

44, Tho speed of sound in fvee alyr car zlso be compuited from

tables 1f the temperature, relative humidivy, and baromeiric pressure
is known. However,thls does noi inciude the wiad velocliy corrsctlo
The peak pressure at the midpolnt of the distance betvieen two gauvges
is then determined using the Rankine Hugoniol equatlicns for ideal
gases, as given in introductlon,and cerived in the anppaniix.

VI. REPRODUCIBILITY

45, The peak pressures produced by S-pounid spherical TNT charges
were 6-~90 psi for the various distances used in the Tield,

Since many expiuzsiver huve been fired using this equipment,; o
measure of the precision of this eguipment would be indicated oy

a measure of the dispersion of the r2sults, assumlng thz explosive
does not contribute to the scatier significantly. An average

of all the standard deviatlons was used for this purpose. This
was found to be 5%. It may be observed ihat greater reproducilbiiii:
is possible at lower pressures than at higher pressures. &Q the
lower pressures the standard deviation often goes down to 2% btui

at the higher pressures the standard deviation often reaches as
high as 7%.

give
-, -2
ry i

46. However since larger dlstances and times are assoclated with
lower pressures, and lower distances and times with higher pressurs
the above error might be atiributed to the increased accuracy with
which longer distances and times can be measured. To increase the

accuracy with which distances between gauges are measured,
11
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alumlnum spacer gauges are used. For lncreased acouracy in
record reading, the gauge separation distances were chosen
approximately logarithmic sv that equal abscissa dlgtances on
the curve are obtalned. A detalled discuszion of the accuracy
limitations of %the velocity method is beyond ths s2are of this

report. However some of the major sources of error wilii he
discussed.

47. Although there was some varlation in the accuracy of
measurement throughout an experiment, an error of .5%, .39,

and .5% in wind, time, and distance measurement is asgumed. To
find the errors in pressurc measurements due to these errors in
velogilities we use”the original .Rankine-Hugoniot equation

and V! “
N g WL
AL= T c® ’ o 7\
av B2t Al ) f};;z(/é%:é' /- 2 _ 24
4 f - V#/ ( c* — 2VvR /> Yy T (/-* ‘C“:) 4
L / U
5 £ r+t e

48. Table 1 below lists %the coefficient of A!Ifor seleeted

——

pressures together with errors in pressgure cérresponding to the
errors in shock and sound veloeity listed above.

TABLE I
PRESSURE ERRORS DUE TO SOUND AND SHOCK VELOCITY ERRORS

Y4 é u P Q < ré FS
PS (lb /inz) 3 -027U2 Maximum —=g— Maximum Error ._..1.;;.
{For Shoek and
Sound Velocity) =
50 ] 2 [ 69 2 ° 1 5 . 6
20, 3.7 2.1 7.8
5. 8.86 2.1 18.6

12
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L Based on the above estimstes for errors in velocitles, the
values of maximum presgure errors become 5. 6% for 50 psi, 7.8%
for 20 psi and 18.&% for 5 psi. For pressures balow S ps* the
error inecreases very rapldly. It is to be noted that the
estimated errors in shock and sound velocitles include

experimental errors as well as variations due to explosives
themselves,

50. Another possible error is the assumptlion that the average
velosity occurs at a distance midway between two gauges. An
analysls of this error is fully explained in \rererenﬂe {v)).
This error is small when the dlstance between the two gauges 1is

emall, By Jjudialal geloantlon of gauge separations, thls error

has been made negligible in our measurements.

51. fThe pressure measurements by the velocity method may be
impeoved by more accurate measurements of the ga .ge separations,

At the present time these distances ars measursd to within
001 feet.

52. Greater precision may be obtained during reecord readlng

if the veloeclty of the drums were incrzased, because of the
resultant greatsr separatlon between the timing line pips.
However since this error is 80 small in comnarison with our other

i " N R "
errors, no I[urthier incrsase in arum spesd iz conbemplated, at

the present tine

VII. APPENDIX

, n2
53. Derivation of Pg ;E.J/ { %—2 - 1), the Rankine-Hugonlot
Po N ©

Equation Relating the Peak Prassure in & Shogck Wave with its
Veloeclty of Propagation

i

F /o~ \\§§ WA
|3 ' v / it 177
disTarked medi<m G5 undistarbed /r7ed:
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5%, If a shock wave travels with & velosity U into undisturbed
air (particle veloecity U,, pressure Po, density ,° ) .and if

the air behind the shock front 1z at pressure P, density/°

and particle veloelty u, then for a unit mass of alr crogsing
the shogk front the applications of the congerwvation of mass,
momentum, and energy relations wlll glve us equations invelving
U, P, 2, U, Po,/4 2nd ug, These equatlons are known as the
Rankina-ﬂuecnict gguations, When these relations are supple-
mented by an equation of state and the uhcamuﬁynumic properties
of the fluid, a relation between the velceity of propagstion
and the pressure in a shock wave is obtained,

55. It is convenlent to consider the parameters relative to
an observer moving with the shoek front, In one second %4he
mess of the gas that crosses a unit cress section of tGhe
wave front from the undisturbed veglon is L (U - uo). This
mist equal the mass that leaves from the disturbad region of

the shogck front/f>(u - 1) in one szeond, Hence for conservaiion
of mass

() S @U=-uw=2(u -ug)

56, The momentum of the mass /, Ly - qu isxﬁ’(U - up)?, Similerily
the momentum of the magg (U - u) ig (U - u)2, The change in

momentum per unit time acrosw Zhe’ sbock front must equal the
Pavnc nn&ﬂ?ng thia forae 1g the nmeamumns A4 TParence on the
two sides of the shoek frcnt times the cross sectlon ares of
the front, For unit cross seetion area of the shock front,
the c¢onservation of momentum eqguati.n3 are:

(8) P =~Pg= =20~ )2 42 (0 ~ )2
o

(2a) P +,° (U = v)2 = Py 4 2 (T « uo)?

57. To obtain the energy equation we need to lmow the internal
energies. of a2 unit mass of the gas in front of and behind the
shoelt foont, Thig riorr

when the gas is expanded ad;abatica]ly to zerc densityo These
internal energiea we call E and Eg.

S8, The work done by pressure per unit area per unit time on
a mass of gas of unii oross section area of the Yave front, 1is

2{T = uy) = (U - u), For a unit mass of the gas this becomes

13 , sinee 4 (U = ug) is equal ©/° (U - u), This must
ewual the kinetlec energy plus the c¢hange in internal energy
of the gas, The kinetic energy per unit mass is given by

14
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KE = 1/2/ ’U~u)“ ~ (U-u0)5 Z The change in internal energy
is given by E-Eq,

Therefore
Pogo = Efp=1/2 [ (U-0)2 - (u-u5)2/ + (B-Eo)
or

(3) Pofp +1/2 (U-up)? 4 B = pppr 1/2 (U-0)2 4+ B

59, If in equation 3, U and v are eliminated by using equations
1 and 2, and noting that Go = © when the fluid :’;.s Indtialiy ot

rest, we get
(32) A E = E-Eg = 1/2 (P+Pp) (15 - 1/0).

where £- E 18 the inerease in energy per gram in passing from
reglion in advance of shock front to that immediately behind
the shosk front,

. 4

60. Fopr an i1deal gas F = K /~ R wnere,/o 94’zor a unit

mass of the gas. Therefore the internal :ﬂPPgY may be calculated
as folliows:

oy £ = /,ﬂd( %) = //(//J’Z/(/O/ ""//\/J

///) / /
y—/! o /4\/
—_— A L2
~K [ e = 5 /“" 2 N»/)P
g
similarily &, = =75, 5, I\, oi (3
e e g B 73.,-,,(__,__7./ Leam EF
E" =7 r - -~ \é
VA4 o~

f//am W/"/CA
2 ) PR E

T WP E
From equation 1
/.Q?»:_(L‘.f—"‘"/-—% V*’/)F u(;//)/j 9/9--,2/3‘____
oY e - Y ""(y’f/}/c~HV'/)/g
A e+
L — P
5) o - 28 Where £ =70
T = (I PG )
Another relation between u and U may be obtained by multiplying
equation {1) by U-u
B, = - )
(:/’,/I-:{/\'/,/ = { /0
15
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Substituting this in equation 2 we get 5 <LZ
— e - 0L = el
P-B = £= LU Ll 0C 2
and
£
LA e = ;i?'
, =

but “a

is the sound veloccity

(6) = Llee =

Dividing equation 6 by ¢
. = P
- - 2 = /
Rl v seli 2V L %

' (I PHTE

- Ta w7 /]
TP T vH LG

guation 5 we get

Cooz.' /7T+/)P 7 (/!/f.l)7

T(r 7/
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